A number of studies have suggested B7-H1, a B7 family member, inhibits T cell responses. Therefore, its expression on nonlymphoid tissues has been proposed to prevent T cellmediated tissue destruction. To test this hypothesis, we generated transgenic mice that expressed B7-H1 on pancreatic islet b cells. Surprisingly, we observed accelerated rejection of transplanted allogeneic B7-H1-expressing islet b cells. Furthermore, transgenic B7-H1 expression broke immune tolerance, as some of the mice spontaneously developed T cell-dependent autoimmune diabetes. In addition, B7-H1 expression increased CD8 + T cell proliferation and promoted autoimmunity induction in a T cell adoptive transfer model of diabetes. Consistent with these findings, B7-H1.Ig fusion protein augmented naive T cell priming both in vitro and in vivo. Our results demonstrate that B7-H1 can provide positive costimulation for naive T cells to promote allograft rejection and autoimmune disease pathogenesis.
Introduction

B7-H1 (PD-L1
) is a recently identified B7 family member whose expression is inducible in a variety of organs (1, 2) . However, the role of B7-H1 in regulating T cell responses in vivo is not fully understood. Ligation of cognate receptor(s) on T cells by B7-H1 was first reported to stimulate predominantly IL-10 production (1, 3), which might negatively regulate cell-mediated immunity (4) . An overwhelming number of studies support the role of B7-H1 as a negative regulator of T cell responses in vitro using immobilized mAb to CD3 and B7-H1.Ig fusion protein (5) (6) (7) (8) (9) or antibodies that blocked B7-H1 signaling in studies performed on human endothelial cells (10, 11) , dendritic cells (12) (13) (14) , liver nonparenchymal cells (15) , and glioma cells (16) . In vivo, the combination of B7-H1.Ig and cyclosporine A (CSA) or rapamycin promoted cardiac allograft survival and provided protection from chronic rejection (7) . In addition, treatment with B7-H1.Ig plus mAb to CD154 induced longterm islet allograft survival (17) . Still other studies have shown that B7-H1 expression on tumors prevented tumor rejection by inducing T cell apoptosis (2) or by promoting resistance to cytolysis (18) . More recently, the inhibition of B7-H1-mediated signals has been shown to accelerate autoimmune diabetes (19) . Together, these observations suggest an inhibitory role for B7-H1 in modulating T cell-mediated immune responses.
Given the demonstrations that B7-H1 can inhibit T cell responses both in vitro and in vivo, it has been hypothesized that B7-H1 expression on nonlymphoid tissues might help to prevent T cell-mediated tissue destruction (20) . Therefore, to determine whether local nonlymphoid tissue expression of B7-H1 inhibits T cell responses and autoimmunity in vivo, we generated transgenic mice (rat insulin promoter [RIP] .B7-H1) that expressed B7-H1 on pancreatic islet β cells. Unexpectedly, the transplantation of B7-H1-expressing islets resulted in accelerated allograft rejection in a B7-H1-dependent manner. Furthermore, a significant fraction of RIP.B7-H1 mice developed T cell-dependent spontaneous autoimmune diabetes. Finally, ectopic B7-H1 expression enhanced T cell priming and promoted autoimmunity induction in a T cell adoptive transfer model of diabetes. Thus, this study has revealed that tissue-specific expression of B7-H1 can costimulate T cell-mediated responses in vivo, resulting in accelerated allograft rejection, the breakdown of immune tolerance, and autoimmune disease pathogenesis.
Methods
Mice. RIP-membrane ovalbumin (RIP.mOVA) and OT-I transgenic mice have been previously described (21) and were generous gifts from William Heath (The Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia) and Susan Webb (The Scripps Research Institute, La Jolla, California, USA). C57BL/6 and 129 mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). The mice were maintained under specific pathogen-free conditions. Animal care and use were in accordance with institutional and National Institutes of Health (NIH) guidelines.
Generation of the transgenic mice. Full-length murine B7-H1 complementary deoxyribonucleic acid (cDNA) was synthesized by RT-PCR of splenic total RNA, and cloned into pCDNA3.1 (Invitrogen Corp., Carlsbad, California, USA) to produce the pCDNA3.1/B7-H1 construct. The construct was generated by insertion of the fulllength murine B7-H1 cDNA into the ClaI site of RIP7 at position +180. A 10.6-kb fragment was excised by double digestion with NotI/SalI and was used for microinjection by the University of Chicago Cancer Research Center Transgenic Mice Facility. BamHIdigested tail DNA from mice was hybridized to a radiolabeled fulllength murine B7-H1-specific probe. Two positive founders were generated directly on a C57BL/6 background with an approximate copy number of seven, as determined by phosphorimager analysis of a Southern blot. All of the mice used in this study were on the C57BL/6 background, except for the recipients of islet allografts, which were 129 (see below).
Immunofluorescence staining. For immunofluorescence staining, cryostat sections 6 µm in thickness were incubated overnight with guinea pig anti-insulin (Dako Corp., Carpinteria, California, USA), then were incubated for 1 hour with biotinylated goat anti-guinea pig (Vector Laboratories Inc., Burlingame, California, USA) followed by a 1-hour incubation with streptavidin-FITC. The tissues were then stained overnight with rat mAb to mouse B7-H1-phycoerythrin (PE) (E-Biosciences, San Diego, California, USA).
Islet transplantation. Donor pancreata were perfused in situ through the common bile duct with collagenase P (0.375 mg/ml; Roche Corp., Basel, Switzerland). Pancreata were harvested after perfusion and were incubated at 37°C for 10 minutes. Islets were released from the pancreata by gentle shaking. After being washed twice with Hank's balanced salt solution (HBSS), islets were further purified on discontinuous Ficoll gradients. After centrifugation, the islets were harvested from the 1.096/1.069 gradient interface, washed twice in HBSS, and collected under the microscope. A total of 300 islets were transplanted under the renal capsule of each recipient 129 mouse rendered diabetic by a single intraperitoneal injection of streptozocin (STZ) (400 mg/kg; Pharmacia & Upjohn, Clayton, North Carolina, USA). Some mice were treated with 100 µg per mouse of hamster mAb to mouse B7-H1 (10B5; produced at the Mayo Clinic, Rochester, Minnesota, USA) on days 0 and 5. Allograft function was monitored by serial blood glucose measurements. Primary graft function was defined as a blood glucose concentration of less than 200 mg/dl on day 3 after transplantation, and graft rejection was defined as a rise in blood glucose concentration of more than 300 mg/dl after a period of primary graft function.
Measurement of blood glucose. SureStep strips (Johnson and Johnson, Milpitas, California, USA) were used to measure glucose concentrations in blood obtained from a tail vein. Animals were considered diabetic after two consecutive measurements of blood glucose concentrations of more than 250 mg/dl.
Histological analysis of insulitis. Pancreatic tissues were collected. Hematoxylin and eosin (H&E) staining was performed on sections 6 µm in thickness of 10% formalin-fixed tissue or tissue frozen at -70°C in optimal cutting temperature (OCT) compound. Sections were prepared on multiple levels, and 20-40 randomly chosen islets per mouse were evaluated for lymphocytic infiltration (insulitis) by a third-party pathologist. The degree of lymphocytic infiltration was assigned a score according to a previously described system as follows: 0, normal histology; 1, minimal cellular infiltrate into the islets, otherwise normal islet architecture; 2, extensive cellular infiltrate but preservation of islet architecture; 3, cellular infiltrate and loss of normal islet architecture (22) .
Anti-CD3 treatment. Diabetic mice were injected every other day for 3 days intraperitoneally with 15 µg/mouse of mAb to CD3 (145-2C11; a generous gift from Jeffrey A. Bluestone, UCSF Diabetes Center, San Francisco, California, USA).
Preparation of OT-I cells for adoptive transfer. OT-I cells were prepared from lymph nodes and spleens of transgenic mice. The percentage of OT-I T cells was determined by iTAg MHC tetramer (H-2b-SIINFEKL-PE) staining following the manufacturer's instructions (Beckman Coulter, Fullerton, California, USA). OT-I T cells (2 × 10 6 ) were injected intravenously (i.v.) into recipient mice. Cells were analyzed by flow cytometry on a FACScan (BD Biosciences, San Jose, California, USA).
Carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling of OT-I cells.
OT-I cells were resuspended in phosphate-buffered saline (PBS) at a concentration of 50 × 10 6 cells/ml. For fluorescence labeling, 50 × 10 6 cells/ml were incubated with 10 µM of CFSE (Molecular Probes Inc., Eugene, Oregon, USA) for 30 minutes at 37°C. At the time of transfer, as indicated, some mice were injected intraperitoneally with 100 µg hamster IgG or hamster mAb to mouse PD-1 (J43, hamster IgG; eBioscience, San Diego, California, USA). At 42 hours after adoptive transfer, tetramer-positive cells were analyzed in the pancreatic lymph node by flow cytometry on a FACScan or FACScalibur using FlowJo software (Tree Star, Ashland, Oregon, USA).
Generation of fusion proteins. cDNA encoding the murine B7-H1 extracellular domain was isolated by RT-PCR of splenic total RNA, digested by NcoI/HindIII, and then fused to an IL-3 leader sequence in p30242 vector. The fusion fragment was subcloned into pX58 vector containing the IE-175 promoter and the Fc portion of human IgG1, which was transfected into BHK/VP16 cells to generate B7-H1.Ig. The B7-H1.Ig in culture supernatants was purified on a protein A column (Bio-Rad Laboratories, Hercules, California, USA) and dialyzed in lipopolysaccharide-free PBS. Control human IgG was obtained from Sigma-Aldrich (St. Louis, Missouri, USA). We repeated one of the published in vivo experiments (7) to establish that our B7-H1.Ig did not have different properties from the B7-H1.Ig fusion proteins generated by other investigators. Specifically, we transplanted BALB/c hearts into C57BL/6 CD28-deficient recipients, and each recipient was treated with either 100 µg control Ig or B7-H1.Ig for 14 consecutive days from the day of the transplantation (n = 3 per group). We found that mice in the control Ig group rejected their allografts on days 9, 10, and 16 after transplantation. In contrast, B7-H1.Ig-treated mice retained their graft for more than 30 days. This difference is highly significant even with this small number of mice (P < 0.02 by log rank test) and is similar to the published observation (7) .
In vitro proliferation and cytokine assays. CD3 + , CD4 + , and CD8 + T cell populations (96-99% purity) were enriched by negative selection using a cocktail of mAb's and magnetic beads (Miltenyi Biotec Inc., Auburn, California, USA). Anti-CD3, control IgG, and B7-H1.Ig were covalently attached to polyurethane-coated tosyl-activated Dynabeads (Dynal ASA, Oslo, Norway) according to the manufacturer's instructions. For this, 3 µg of mAb to CD3 was added to 10 7 beads/ml in 0.1 M phosphate buffer, pH 7.4. Control IgG was added to the bead suspension in order to maintain a constant total Ig concentration of 5 µg/ml during binding. Similarly, anti-CD3/B7-H1.Ig beads were prepared with B7-H1.Ig representing 40% of the total bound protein (2 µg/10 7 beads). T cells (10 5 ) were cultured in 96-well flat-bottomed plates, and beads were added at a bead/cell ratio of 2:1. The cells were cultured for 96 hours, pulsed with 1 µCi of [ 3 H]thymidine for 8 hours, and then harvested for liquid scintillation counting.
Results
The generation and characterization of transgenic mice expressing B7-H1 on pancreatic islet β cells. B7-H1 expression in peripheral tissues has been proposed to be a mechanism for inhibiting T cell-mediated immune responses and maintaining self-tolerance. We directly tested this hypothesis by generating transgenic mice (RIP.B7-H1) expressing B7-H1 on the pancreatic islet β cells under the control of the RIP (Figure 1, A and B) . Tissue immunofluorescence staining was used to demonstrate that murine insulin and the B7-H1 transgene were expressed at the protein level. Both nontransgenic C57BL/6 and RIP.B7-H1 islets produced and expressed insulin ( Figure 1C , top panels). However, the pancreatic islets in C57BL/6 mice did not express detectable levels of B7-H1, whereas in the transgenic mice the same cells that made insulin clearly expressed B7-H1 (Figure 1c , middle and bottom panels). B7-H1 protein expression on the transgenic islets was comparable by flow cytometry to levels found on splenic naive CD11b + and CD11c + cells (data not shown). It should be noted that transgenic expression of B7-H1 was detected only in the pancreatic islets and not in any of the other tissues examined (e.g., kidney and thymus; data not shown).
To exclude the possibility that transgenic B7-H1 expression affected overall islet β cell function, we examined pancreatic islet cells from several young and old nondiabetic RIP.B7-H1 mice and found they had normal morphology based on histological tissue staining and electron microscopy. In addition, the pancreatic islets produced and secreted insulin comparably to those of C57BL/6 mice (data not shown). Finally, transgenic expression of B7-H1 did not affect the numbers, composition, or activation status (as determined by CD25, CD44 and CD69 expression levels) of lymphocytes in the thymus, spleen, and peripheral lymph nodes of RIP.B7-H1 compared with those of C57BL/6 mice (data not shown).
Accelerated rejection of B7-H1-expressing pancreatic islet β cells in an islet allograft setting. To study the regulatory role of B7-H1 in T cell-mediated immune responses in vivo, we chose a minor-mismatch transplantation model. We analyzed the function of B7-H1 expressed on islets by transplanting pancreatic islets from nondiabetic 10-to 15-week-old C57BL/6 and RIP.B7-H1 mice (C57BL/6 background) into STZ-induced diabetic 129 mice (all H-2 b , mismatched for minor histocompatibility antigens). Surprisingly, B7-H1-expressing transplants promoted allograft rejection (median = 8.5 days) significantly faster than did control islets (median = 29 days; P < 0.01) (Figure 2 ). Two groups of recipients were transplanted with control islets or B7-H1-expressing islets and treated with mAb to B7-H1 (blocking antibody) to determine whether the accelerated rejection was B7-H1 dependent. As shown in Figure 2 , we found that treatment with mAb to B7-H1 prevented the accelerated rejection of B7-H1-transgenic islets (median = 8.5 days for the RIP.B7-H1 group versus median = 27.5 days for the RIP.B7-H1 plus mAb to B7-H1 group; P < 0.01), whereas it did not affect the kinetics of rejection of control islets that did not express B7-H1. These data indicate that the accelerated rejection of B7-H1-expressing islets was B7-H1 dependent. To ensure that the accelerated rejection of B7-H1 transgenic islets was not due to reduced viability of the islet β cells, B7-H1 transgenic islets were also transplanted into STZinduced diabetic syngeneic C57BL/6 mice. The transgenic islets survived indefinitely in syngeneic hosts; thereby demonstrating that RIP.B7-H1 islets can function normally long term in vivo (Figure 2) . These results suggest that B7-H1 expression on the pancreatic islets can promote rather than inhibit T cell-mediated responses.
B7-H1 expression on islet β cells breaks immune tolerance and promotes autoimmunity. Mice in the C57BL/6 background are resistant to the development of autoimmune diabetes, even in many of those engineered to overexpress cytokines, chemokines, or T cell costimulatory molecules in the pancreatic islets (23) (24) (25) (26) (27) (28) . Unexpectedly, we found 7-14% of the transgenic mice expressing B7-H1 on islet β cells developed spontaneous diabetes within 3-6 weeks of age (Figure 3A) . Histological examination of islets from these diabetic mice revealed grade 2 insulitis marked by lymphocytic infiltration (Figure 3B) . To determine whether the diabetes was T cell dependent, 
Figure 2
Accelerated rejection of B7-H1-expressing pancreatic β cells in an islet allograft setting. Isolated islet β cells from C57BL/6 and RIP.B7-H1 (line 31) mice were transplanted into 129 recipient mice (C57BL/6 → 129 and RIP.B7-H1 → 129, respectively), and graft survival was determined. As indicated, some of the mice were treated with mAb to B7-H1. As an isograft control, islets from RIP.B7-H1 mice were transplanted into syngeneic C57BL/6 mice (RIP.B7-H1 → C57BL/6). The statistical significance between groups was determined using the Kaplan-Meier logrank test method.
low doses of mAb to CD3 were administered to diabetic mice, as this treatment has been shown to reverse T cell-mediated autoimmune diabetes in nonobese diabetic (NOD) mice by inducing tolerance (29, 30) . After treatment, blood glucose levels in all diabetic mice returned to normal, suggesting that the spontaneous diabetes in RIP.B7-H1 mice was T cell dependent and autoimmune in nature ( Figure 3C ). These results demonstrate for the first time to our knowledge that B7-H1 expression on pancreatic islets can promote T cell-dependent autoimmunity.
Ectopic pancreatic islet β-cell B7-H1 expression promotes CD8 + T cell priming and autoimmune disease induction. Antigen-specific autoreactive T cells are difficult to trace in RIP.B7-H1 mice because their T cells have a broad T cell receptor (TCR) repertoire and very low frequencies of each clone. To study an antigen-specific T cell-mediated autoimmune disease, we crossed the RIP.B7-H1 mice to RIP.mOVA mice to generate double-transgenic mice (RIP.B7-H1/mOVA mice) that express the well-defined antigen mOVA in addition to B7-H1 on islet β cells. These mice also developed spontaneous T cell-dependent autoimmune diabetes with similar kinetics but at an even higher frequency (∼30%; Figure 3D ) compared with RIP.B7-H1 mice (7-14%, Figure 3A) . We reasoned the transfer of OT-I T cells (OVA-specific CD8 + T cells) into mice with OVAexpressing islets would allow us to examine the role of local B7-H1 expression in regulating antigen-specific CD8 + T cell responses. We subsequently found that the transfer of 4 × 10 6 OT-I T cells (OVAspecific CD8 + T cells) into RIP.mOVA mice induced diabetes in all (six of six) mice within 14 days (data not shown), whereas the transfer of 2 × 10 6 OT-I T cells promoted diabetes in only one of twenty of the mice in our facility ( Figure 4A ). In contrast, the transfer of 2 × 10 6 OT-I T cells into 10-week-old RIP.B7-H1/mOVA mice (those that did not develop spontaneous diabetes) resulted in overt diabetes in all double-transgenic mice (five of five) within 10-18 days after transfer ( Figure 4A ). Histological examination of the pancreas at the time of diabetes initiation for RIP.B7-H1/mOVA mice or day 22 after transfer for RIP.mOVA mice revealed the presence of infiltrating T cells in both groups of mice, but β-cell destruction occurred solely in RIP.B7-H1/mOVA mice ( Figure 4, B and C) . The data suggest that local expression of B7-H1 in nonlymphoid tissues can promote autoimmune diseases.
To determine whether transgenic expression of B7-H1 regulated T cell priming, we transferred 2 × 10 6 CFSE-labeled naive OT-I T cells into 10-week-old RIP.mOVA and RIP.B7-H1/mOVA mice. Then, 42 hours later, cells were recovered from the pancreatic draining lymph node and examined for proliferation based on CFSE dilution. This analysis revealed a significantly greater number of dividing T cells in RIP.B7-H1/mOVA recipients ( Figure 4D ). It should be noted that there were absolutely no dividing CFSE-labeled cells in the nondraining lymph nodes. The increased percentages of proliferating T cells in RIP.B7-H1/mOVA could be inhibited to levels observed in RIP.mOVA mice by administration of a mAb to B7-H1 at the time of OT-I transfer (data not shown). These results suggest that B7-H1 promotes CD8 + T cell proliferation and diabetes induction in vivo, although we cannot rule out the possibility that inflammatory cytokines produced at the site of islet destruction are contributing to enhancing T cell proliferation.
If blockade of PD-1 could reverse the costimulatory effect of ectopic B7-H1, we would conclude that the augmentation of T cell proliferation induced by B7-H1 was PD-1 dependent. To test this hypothesis, we adoptively transferred 2 × 10 6 CFSE-labeled OT-I T cells into RIP.B7-H1/mOVA mice and treated one group with hamster Ig and the other with hamster mAb to mouse PD-1 (blocking mAb) ( Figure  4E ). Administration of mAb to PD-1 did not reduce the enhanced T cell proliferation observed in RIP.B7-H1/mOVA mice. Although it was possible that B7-H1-mediated proliferation was PD-1 independent, this experiment does not rule out that the increased T cell proliferation was PD-1 dependent, as either mAb to PD-1 or ectopic B7-H1 could have, for instance, desensitized the PD-1 receptor.
B7-H1.Ig costimulates T cell responses both in vitro and in vivo.
We generated a B7-H1.Ig fusion protein to further substantiate the role of B7-H1 as a costimulator of T cell immune responses. The specificity of B7-H1.Ig was confirmed by its ability to bind to a mAb to B7-H1 a well as to 293 cells expressing PD-1 (data not shown). To determine whether B7-H1.Ig could also enhance T cell proliferative responses in vivo, CFSE-labeled OT-I T cells were adoptively transferred into RIP.mOVA mice. At the time of transfer, the recipients were injected intraperitoneally with B7-H1.Ig or control Ig. Forty-two hours later, cells were recovered from the pancreatic draining lymph node and examined for proliferation based on CFSE dilution. A greater percentage of OT-I T cells isolated from B7-H1.Ig-treated mice (43%) had undergone cell division than had those from control mice (6%) (Figure 5A ), whereas no dividing CFSE-labeled cells were observed in the nondraining lymph nodes. This is consistent with our data shown in Figure 4D , in which transgenic expression of B7-H1 in the pancreatic islets also increased T cell proliferation (42% versus 25%). It appears that in some settings B7-H1-mediated signals might be able to promote early T cell priming in vivo.
To determine the role of B7-H1.Ig in regulating T cell responses in vitro, we stimulated purified T cells with bead-bound anti-CD3/B7-H1.Ig or anti-CD3/control Ig. We found that B7-H1.Ig cos- timulated CD3 + , CD4 + , and CD8 + T cell proliferation ( Figure 5 , B-D). It should be noted that in each of the bead-bound assays, anti-CD3/CD86.Ig was used as positive controls and resulted in slightly greater T cell proliferation than anti-CD3/B7-H1.Ig (data not shown). Together, these results demonstrate that B7-H1.Ig can costimulate T cell immune responses both in vitro and in vivo.
Discussion
Many recent studies have suggested that B7-H1 could inhibit T cell-mediated immune responses (5, 6, 31, 32) . However, we have now presented the unexpected finding that B7-H1.Ig can augment naive T cell proliferation both in vitro and in vivo. Furthermore, ectopic expression of B7-H1 accelerated the rejection of allogeneic islet cells, and it promoted diabetes pathogenesis by breaking tolerance. Our results were especially striking because RIP.B7-H1 mice were generated on the C57BL/6 background that usually confers genetic resistance to autoimmune diabetes pathogenesis. Many cytokines, chemokines, or costimulatory molecules previously implicated in promoting autoimmunity have been expressed on C57BL/6 islet β cells, but have failed, on their own, to induce autoimmune diabetes. However, the combination of some of these molecules was shown to be pathogenic (23) (24) (25) (26) (27) (28) . For example, less than 1.5% of RIP.CD80 mice developed diabetes, but coexpression of CD80 and TNF in the pancreatic islets dramatically increased the rate of autoimmune diabetes (24) .
To rule out the possibility that the B7-H1-expressing islets were more susceptible to cytotoxicity or apoptosis, we compared the islets from RIP.B7-H1 mice and C57BL/6 mice using several experimental approaches (data not shown). The morphology of the transgenic islets appeared to be normal based on histological and ultrastructural appearance (light microscopy and electron microscopy). Morphometric analysis demonstrated that the sizes of the transgenic islets were similar to those of C57BL/6 and RIP.mOVA islets. In addition, TUNEL-positive cells were not increased in transgenic islets. We also cultured "hand-picked" islets from transgenic and control mice, collected the supernatants, and stained the islets with Annex- in V and propidium iodide, and found there was no difference in the numbers and percentages of apoptotic cells over time. Similar results were obtained in islets cultured in the presence of plate-bound PD-1.Ig, suggesting that the transgenic islets were not being rejected as a result of reverse signaling through B7-H1. In particular, because pancreatic IL-10 has been shown to accelerate diabetes (33), we also examined whether cultured RIP.B7-H1 islets produced IL-10 either spontaneously or after B7-H1 engagement by immobilized PD-1.Ig. A sensitive ELISA did not reveal detectable IL-10 in the supernatants of these islets. Finally, RIP.B7-H1 islets were accepted in syngeneic recipients, thereby indicating that these islets performed normally long term in vivo (Figure 2) . Therefore, the tissue destruction presented in this study was consistent with T cell-mediated damage in a B7-H1-dependent manner.
It was unclear at this point whether the in vivo B7-H1-mediated effects were PD 1 dependent. Two reported features of PD-1 might be consistent with the possibility that PD-1 is able to play a costimulatory role in this setting. First, PD-1 might be able to transduce both positive and negative signals, as its cytoplasmic tail contains an immunoreceptor tyrosine-based switch motif (34) , which has recently been described as being capable of providing diametrically opposed signals in CD150 subfamily members (35, 36) . Second, a recent study has suggested that to deliver inhibitory signals, PD-1 needs to be in close proximity with the TCR (8) . Ectopic B7-H1 on pancreatic islets might pull PD-1 away from TCRs that are interacting with APCs or target cells or might induce desensitization of the PD-1 signal transduction machinery, therefore preventing PD-1 from inhibiting T cell responses. The levels of cell surface B7-H1 expression could contribute to this effect, as we have found that the transgenic islets expressed B7-H1 at physiological levels similar to those observed on naive CD11b + and CD11c + splenocytes. Administration of blocking mAb to PD-1 did not reverse the B7-H1-mediated augmentation of T cell responses in our model ( Figure 4E ). It is conceivable that either the mAb to PD-1 or ectopic B7-H1 could prevent the inhibitory activity of PD-1 by precluding the spatial redistribution or cross-linking requirements necessary for its negative effects, or by desensitizing PD-1. More intriguingly, the result of our experiment using mAb to PD-1 could be interpreted to suggest that the effects of ectopic B7-H1 were PD-1 independent. A recent study has provided some evidence for an independent, non-PD-1 costimulatory receptor that can bind to B7-H1, using comparative molecular modeling and site-directed mutagenesis of the B7-H1 molecule (37) . In such a case, one might envision that the outcome of an immune response might depend on the expression kinetics of the putative costimulatory receptor and PD-1, or on a balance of signaling between the two receptors, as postulated for CD28 and CTLA-4 (38) . We attempted to directly address this issue by generating OT-I T cells deficient in PD-1. Unfortunately, due to defects in thymic selection, less than 1% of the T cells in the periphery expressed the transgenic TCR Vα2 + Vβ7 + (our unpublished observations), precluding the assessment of whether antigen-specific PD-1-deficient T cells would fail to have enhanced proliferative responses in our vivo systems.
To ensure that the augmented T cell responses observed in B7-H1 transgenic animals were not specific to the ectopic expression of B7-H1, we utilized an alternative in vivo experimental approach in which RIP.mOVA mice were treated with B7-H1.Ig. In this model, the administration of B7-H1.Ig resulted in increased antigen-specific T cell responses. This was in contrast with published observations that B7-H1.Ig administration attenuated T cell responses. For instance, B7-H1.Ig in combination with a mAb to CD154 promoted islet allograft survival, whereas B7-H1.Ig alone had no therapeutic effects (17) . Similarly, B7-H1.Ig treatment enhanced cardiac allograft survival and protected against chronic rejection (7) . In contrast, a more recent study showed that the administration of B7-H1.Ig accelerated the lethality of graft-versus-host disease (39), a result similar to our previous observation that B7-H1.Ig promoted antibody production and CD4 + T cell responses to keyhole limpet hemocyanin (3). In another study, the administration of a mAb to B7-H1 promoted the development of autoimmune diabetes in NOD mice (19) . In contrast, the same mAb to B7-H1 inhibited the development of chronic intestinal inflammation (40) . Thus, it appears that the type of B7-H1 response might depend on the nature and stage of disease pathogenesis.
One possibility for the discrepancies of our data with previously published results could be attributed to potential differences in the B7-H1.Ig fusion proteins used in each of the studies. We obtained and tested some of the B7-H1.Ig proteins generated in other laboratories, and we found that they exhibited comparable costimulatory activities in our experimental model systems (data not shown). Conversely, we have utilized our B7-H1.Ig protein and reproduced the attenuation of immune responses previously reported in CD28-deficient mice transplanted with allogeneic hearts when treated with B7-H1.Ig (7) . Together, these validations suggest that the diversity in the modulation of immune responses by B7-H1.Ig was not due to intrinsic differences in the reagents but was due to the complexities of immune interactions in vivo. The statistical significance between groups was determined using Student's t-test: *P < 0.05; **P < 0.01.
In summary, our findings support the notion that B7-H1 upregulation in some peripheral tissues can promote T cell priming and T cell-dependent tissue destruction rather than facilitate T cell tolerance. The apparent complicated dual effect of B7-H1 warrants further investigation to better predict the nature of responses before clinical trials are undertaken. It is possible that B7-H1 can deliver either positive or negative signals depending on the nature of the disease, the type of immune cells involved, the activation status of the T cells, and the genetic background of the mice. Blocking B7-H1 in specific settings might provide a novel approach for preventing allograft rejection and treating T cell-mediated autoimmune diseases while enhancing immune response for tumor rejection.
